This article presents non-similarity solutions to study the influence of thermal and mass stratification on mixed convection over a vertical flat plate immersed in a Newtonian fluid saturated non-Darcy porous medium. The model for the flow in the porous medium is characterized by the Darcy-Forchheimer model. The governing equations are first transformed into a dimensionless form by the non-similar transformation and then solved numerically using the Keller-box method. The significance of thermal, mass stratification parameters and mixed convection parameter on dimensionless velocity, temperature, concentration, heat and mass transfer rates are presented graphically.
Introduction
The analysis of mixed convective transport in a porous medium has generated an accumulating interest during recent years because of its importance in a wide range of industrial and engineering applications. Different models such as Darcy, Forchheimer-extended Darcy, Brinkman-extended Darcy, and the generalized flow models were reported in the literature in order to explain mathematical and physical features associated with convective transport in porous medium. Many researchers under different physical conditions have investigated the convective transport in porous media for the past several decades. An extensive review of the literature on convective heat and mass transfer in porous medium is presented in Nield and Bejan [1] . Cao and Baker [2] provided local non-similar solutions for mixed convection along a vertical isothermal plate in a slightly rarefied environment. Shateyi et.al [3] studied the effect of a magnetic field on heat and mass transfer by mixed convection from vertical surface in the presence of Hall, radiation, Soret and Dufour effects. Pal [4] considered the MHD mixed convection from a heated vertical plate embedded in a Viscous fluid saturated sparsely packed porous medium by taking into account the variation of permeability, porosity and thermal conductivity. El-Amin and Sun [5] analyzed the influence of thermal dispersion and magnetic field on a hot vertical porous plate immersed in a saturated Darcy-Forchheimer-Brinkman porous medium. Srinivasacharya and E-mail address: dsc@nitw.ac.in RamReddy [6] studied the Soret and Dufour effects on the steady, laminar mixed convection heat and mass transfer past a vertical plate fixed in a non-Darcy porous medium saturated with micropolar fluid.
Stratification of fluid is a deposition/formation of layers, occurs because of variations in temperature, differences in concentration, or the presence of different fluids. The effect of stratification is important in several heat rejection process and energy storage systems. Ishak et.al [7] investigated the mixed convection boundary layer flow through a stable stratified porous medium bounded by a vertical surface. They reported that the thermal stratification significantly affects the surface shear stress as well as the surface heat transfer, in addition delays the boundary layer separation. Domairry et.al [8] attained the analytic solution of the steady mixed-convection boundary-layer flow through a stable stratified medium near a vertical surface using the homotopy analysis method. Bansod and Jadhav [9] presented mixed convection heat and mass transfer near a vertical surface in a stratified porous medium using an integral method. They have shown that the stratification effects have significant effect on both the heat and mass transfer rates. Thermo-diffusion effect on free convection heat and mass transfer from a vertical surface embedded in a liquid saturated thermally stratified non-Darcy porous medium has been analyzed using a local non-similar procedure by Murthy and El-Amin [10] . Kumar and Murthy [11] numerically approached for the analysis of mixed convection flow in a concentration-stratified fluid-saturated vertical square porous enclosure using Galerkin finite element method. The significance of thermal and solutal stratification on mixed convection past a vertical plate immersed in a micropolar fluid saturated non-Darcy porous medium were analyzed by Srinivasacharya and RamReddy [12] . Srinivasacharya and Surender [13] presented non-similarity solutions for double diffusive mixed convection flow past a vertical plate in a fluid-saturated non-Darcy porous medium in the presence of double stratification. Free convection boundary layer flow over a vertical surface in a doubly stratified fluid-saturated porous medium in the presence of constant suction/injection has been analyzed Srinivasacharya et. al [14] .
Most of the above studies were concentrated on presenting similarity solutions because the similar variables accord immense physical insight with minimal efforts. The aim of the this article is to obtain non-similar solutions and to study the effects of double stratification on mixed convection heat and mass transfer in a non-Darcy porous medium. The effects of thermal, and mass stratification parameters, Forchheimer number and mixed convection parameter are examined and displayed through graphs.
Mathematical formulation
Consider incompressible, laminar, two-dimensional mixed convective heat and mass transfer over a vertical plate in a stable, doubly stratified Newtonian fluid saturated non-Darcy porous medium with uniform stream U ∞ in the ambient medium. The porous medium is assumed to be homogeneous and isotropic. The fluid has constant properties other than the density in the buoyancy term of the balance of momentum equation. Forchheimer based model is considered to describe the flow in the porous medium. The x coordinate is taken along the plate, in the ascending direction and the y coordinate is measured normal to the plate, while the origin of the reference system is considered at the leading edge of the vertical plate. The plate is subjected to a constant heat flux q w and mass flux q m . The ambient medium is considered to be vertically linearly stratified with respect to both temperature and concentration in the form
where A 1 and B 1 are constants, are varied to alter the the intensity of stratification in the medium, T ∞,0 and C ∞,0 are ambient temperature and concentration respectively.
By employing laminar boundary layer flow assumptions,and using the Darcy-Forchheimer model, the governing equations for flow are given by:
where u and v are the averaged velocity components in x and y directions, respectively, T is the temperature, C is the concentration, β T and β C are the thermal and mass expansion coefficients, respectively, ν is the kinematic viscosity of the fluid, K is the permeability, g is the acceleration due to gravity, α and D are the thermal and mass diffusivities of the porous medium. The boundary conditions are
where the subscripts w, (∞, 0) and ∞ indicate the conditions at the wall, at some reference point in the medium, and at the outer edge of the boundary layer respectively.
In view of the continuity equation (1), introduce the stream function ψ by
Substituting (6) in (2)- (4) and then using the following non-dimensional variables
we get the following nonlinear system of partial differential equations.
where the prime denotes differentiation with respect to η, Boundary conditions (5) in terms of f , θ, φ become
Results of practical interest are both heat and mass transfer rates. The local Nusselt number Nu ξ , and the local Sherwood number S h ξ , are, respectively, given by:
and
Results and discussion
Equations (8)- (10) together with the boundary conditions (11) constitute nonlinear non-homogeneous differential equations for which closed form solution cannot be obtained. Hence, these equations have been solved numerically using a very efficient implicit finite-difference scheme known as the Keller-box method (for details see Cebeci and Bradshaw [15] ). Here, the initial values for velocity temperature and concentration are arbitrarily chosen so that they satisfy the boundary conditions. The independence of the step size (δη) is tested by taking three different step sizes δη = 0.001, δη = 0.01 and δη = 0.05. In each case we found very good agreement between them on different profiles. The calculations are repeated until the relative difference between the current and previous iterations is less than 10 −6 . This method has been proven to be adequate and gave accurate results for boundary layer equations. In order to study the effects of stratification parameters, ε 1 and ε 2 computations were carried out for the fixed values of F c = 0.5, Le = 1.0, B = 0.5 and ξ = 0.1.
Figures 1(a)-1(c) depicts the influence of the mixed convection parameter on the non-dimensional velocity, temperature and concentration. It is seen that from Fig. 1(a) that velocity of the fluid increases near the plate and decreases away from the plate with the increase of mixed convection parameter. It is observed from Fig. 1(b) that the temperature of the fluid decreases with the increase of mixed convection parameter. From Fig. 1(c) , it is noticed that the concentration of the fluid decreases with the increase of the mixed convection parameter.
The variation of the non-dimensional velocity profiles with η for different values of thermal and solutal stratification parameters is illustrated in Figs. 2(a)-2(b) . It is observed from Fig. 2(a) that increasing the thermal stratification parameter decreases the velocity of the fluid, as the thermal stratification reduces the effective convective potential between the heated plate and ambient fluid in the medium. From Fig. 2(b) , we see that velocity of the fluid decreases with the rise of solutal stratification parameter. Figures 3(a)-3(b) demonstrate the influence of ε 1 on temperature and ε 2 on concentration profiles. From Fig. 3(a) , it is found that increasing thermal stratification parameter decreases the temperature of the fluid. This is due to the reduction of the effective temperature difference between the plate and the ambient fluid in the presence of the thermal stratification. From Fig. 3(b) , it is observed that the concentration of the fluid decreases with the increase of the mass stratification parameter. It is examined that the non-dimensional temperature and concentration values would become negative inside the boundary layer for different values of the stratification parameters depending on the values of other parameters. This agrees with the investigation made by [16] [17] [18] [19] [20] [21] . This is because the fluid near the plate can have temperature or concentration lower than the that of ambient medium. The effect of thermal stratification on concentration and mass stratification on temperature are not much significant and hence graphs are not included.
The variation of local heat transfer coefficient (Nusselt number, Nu ξ ) with thermal and mass stratification parameters is presented in Figs. 4(a)-4(b) . From Fig. 4(a) , we observe that local heat transfer rate increases with the increase in thermal stratification parameter ε 1 . This is due to reduction in the temperature difference between the plate and the free stream. This causes an increase in the Nusselt number. Figure. 4(b) show that the local heat transfer rate slightly decreases with the increase in ε 2 . Figures 5(a)-5(b) illustrate the significance of ε 1 and ε 2 on local mass transfer coefficient. Fig. 5(a) illustrates that the local mass transfer coefficient decreases with the increase in the thermal stratification parameter. This is because the effective mass transfer between the plate and the ambient medium decreases as the thermally stratified effect increases. It is seen from Fig. 5(b) that the local mass transfer coefficient increases with the increase in the mass stratification parameter.
The effect of Forchheimer number on local heat transfer coefficient and mass transfer coefficient is shown in Figures 6(a)-6(b) . It is found from Fig. 6(a) that the local heat transfer rate decreases with the increase in F c . It is seen from Fig. 6(b) that local mass transfer coefficient decreases with the increase in the Forchheimer number. Since F c represents the inertial drag, an increase in the Forchheimer number enhances the resistance to the flow. 
Conclusions
In this paper, the influence of double stratification on mixed convection heat and mass transfer from the vertical plate in a fluid saturated non-Darcy porous medium with uniform and constant wall heat and mass fluxes has been analyzed using boundary layer approximation. From this analysis we notice that
1. An increase in thermal stratification parameter, decreases velocity, temperature distributions and non-dimensional heat transfer coefficient in the boundary layer. 2. An increase in mass stratification parameter, decreases velocity, concentration distributions and non-dimensional mass transfer coefficient in the boundary layer. 3. With the increase of the Forchheimer number the heat and mass transfer coefficients are decreased.
4. An increase in the mixed convection parameter enhances the velocity near the plate and then shows an decreasing trend away from the plate. The non-dimensional temperature and concentration are decreased with an increase in the value of mixed convection parameter. 
